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Abstract 
The paper presents a method for robot assembly of cylindrical parts of the type "shaft-bushing" with the clearance to 0.005 mm 
by applying passive adaptation and low-frequency vibrations. The method consists in creating of a special mode of assembly, 
providing conjugation components without jamming. Data from the mathematical model were verified experimentally. Also the 
mathematical model allows one to determine the reactions at the contact points that can be applied when assembling the parts that 
require control of reactions in the zone of conjugation. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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1. Introduction 
The theory of automatic Assembly and industrial practice indicates that the performance of the Assembly is a 
challenging task when using the firm-based parts [1-3]. Mainly the problems arise due to the possibility of jamming 
of the parts due to misalignment. The most optimal to avoid jamming is the use of free and elastic hold. And search 
movement can compensate for initial misalignment of axes. 
 In scientific papers the authors of this article examined the possibility of using adaptation and low-frequency 
vibrations in robotic Assembly parts type cylindrical and shaped shafts [4,5]. But in theory was described only the 
process of mutual penetration orientation to the attachment part (shaft) in the base part (bushing). And the process of 
assembling the parts was researched by physical experiment: photo control, control forces and bending moments in 
the Assembly process. 
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In the paper [6] describes the process robot Assembly with adaptive gripping device and vibrating the device. 
This process is analyzed for jamming based on forces in the process of Assembly. 
We think that the application proposed in our work the method of Assembly will occur without jamming. 
This paper presents the equations of the reaction forces derived from a mathematical model of the Assembly 
process, as well as the laws of change of speed of motion of the center of mass of the connecting parts (shaft). The 
adequacy of the data obtained as a result of theoretical research, confirmed empirically by physical experiments. 
2. Process description 
The kinematics of the Assembly process can be represented as follows: the base part (bushing) is located on the 
vibration device, which allows to perform harmonic vibrations with a frequency of from 1 to 30 Hz, see Fig. 1. And 
attachable part (shaft) is held elastically adaptive gripping device, see Fig. 2. When this elastic elements in the grab 
allow movement of the attachable part in a vertical plane along the two perpendicular directions, see Fig. 3. 
In this scheme there are three coordinate systems with origin at the point O: 
Oxyz   – fixed coordinate system; 
1 1 1Ox y z   and  O[K]  – system of coordinates, rigidly connected with the first and second links of the vibrating 
device.  
 
Fig. 1. The kinetic scheme of vibratory device for robot Assembly: 1 – Vibration device, 2 – Axis oscillation of the parts of the device 3 – The 
base part (bushing) 
Vibrational fluctuations of the elements of the device occur around axes Oy and Ox according to a harmonic law. 
This adaptive gripper of the robot comprises a body 1, base plate 2, the rod 3 and the adapter 4. The body 1 and 
base plate 2 elastically connected by studs 5 and springs 6, is mounted on the rod 3 and preloaded thrust ring 7. Rod 
3 can be mounted in two mutually perpendicular directions relative to the axis of the adapter 4 by bolts 8. In the 
body 1 are located the clamping jaws 9, is fitted on the edges of the inner part of the prism 10. The jaws 9 is 
elastically attached to the body 1 by means of studs 11 and springs 12. Springs are designed with the values of the 
required stiffness and structural features of the gripper [7].  
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Fig. 2. Adaptive gripper of the robot 
 
Fig. 3. The kinetic scheme of elastic attaching of the shaft in the gripper 
The contact parts can be divided into single-point and two-point. Jamming can occur only in contact in two 
points, see Fig. 4. Two variants are possible contact details: when fluctuation of the output level of the vibration 
device at an angle of ĳ>0 and ĳ<0, see Fig. 4(a) and Fig. 4(b). 
 
Fig. 4. The scheme contact details in the Assembly process 
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System of coordinates 3 3 3Cx y z rigidly connected with the cents mass of shaft. 
3. Differential equations 
For each of the options of contact details constructed a differential equation of motion of the center of mass of the 
shaft (point C) relative to non-inertial coordinate system rigidly linked to the base part, see Fig. 4(a,b). The 
construction of the equations describing the motion of the center of mass of the connecting parts, begins with a 
description of the movement in the form of Newton's second law with the form [8, 9]:  
1
1 ,
( ) el fict fict
cr f Ce CCma = mg + N + F + F + F + F + F   (1) 
cra  – the relative acceleration of the center of mass of the shaft, mg  – gravity shaft, 11 ( )fN ,F  – a normal 
reaction and friction at the contact point details ( iK ) (Fig. 4), 
elF  – the resultant of the elastic forces in the grapple, 
fict fict
Ce CCF ,F  – fictitious force and Coriolis fictitious force of the center of mass of the shaft (Euler force), F  – 
assembling force developed wheel robot. 
After decomposition of the projection of the forces on the axis of the coordinate system, the equation takes the 
form:  
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After a series of transformations and substitutions result in an equation of reactions at the contact points of 
mating parts and the equations of velocities of the centers of mass in the direction of the axes K  and] , see Fig. 5. 
 
Fig. 5. Scheme two-point contact when assembling (ĳ>0) 
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The same equations were derived for the case of ĳ<0. 
4. Experimental investigation 
For empirical research of robotic Assembly with vibration at the University of mechanical engineering was 
established special device, see Fig. 6. 
 
Fig. 6. Experimental device for the rearseach of robotic Assembly with vibration: 1 – vibration device; 2 – adaptive gripper (passive adaptation); 
3 – robot; 4 – laser triangulation sensors; 5 – force-torque sensor; 6 – attach the part (shaft); 7 – the base part (bushing); 8 – generator of 
harmonic signals; 9 – power source laser triangulation sensors; 10 – electronic frequency counter; 11 – experimental parts; 12 – additional 
lighting; 13 – camera of computer vision system 
Constructive and functional features of the experimental devices allow to vary the following parameters: 
1. the vibration frequency of the device: 1…30 Hz (division 0.5 Hz); 
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2. the amplitude of vibration of the link device: 0.4…3 mm (division 0.1 mm); 
3. the gap; 
4. the stiffness of the gripper: 0.125 N/mm, 0.333 N/mm, 0.5 N/mm; 
5. the velocity of movement of Assembly. 
To confirm the possibility of using this method of Assembly of cylindrical parts with small gaps and without 
chamfers were created parts on 7-th and 6-th degree with a gaps from 0.05 to 0.005 mm. Actual dimensions of parts 
predstaleny in table 1. 
Table 1. Table gaps of parts 
Shaft d, mm Dreal, mm D, mm Dreal, mm 
 
Gap 
1 16 js6 16.005 
16 H7 16.01 
0.005 
2 16 js7 16.00 0.01 
3 16 h7 15.98 0.03 
4 16 f7 15.97 0.04 
5 16 e7 15.96 0.05 
 
 When the experiment is important is to check the most diverse variants with the least number of experiments, we 
used Latin square method, see Fig. 7 [10-13]. 
 
 
Fig. 7. Table of the experiment by the method of Latin square 
The primary means of controlling the position parts to further define the velocity of motion of its center of mass 
was high-speed digital camera from computer vision systems. 
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Fig. 8. The image Assembly process, taken with a camera high-speed shooting 
From the experiments we can conclude on the conformity of the values from the mathematical model to the 
experimental results. 
5. Computer simulation 
To compare the data of the mathematical model with the experimental results sold software enabling such 
analysis. Because in the description of the Assembly process in the mathematical model managed to obtain the 
equations of velocities of the center of mass of parts without solving differential equations of Lagrange of the 
second kind, we check for possible jamming greatly simplified and reduced to the enumeration of all possible gap 
and Assembly modes on this equipment. 
The simulation was performed varying 4 factors: 
6. amplitude fluctuations of the output level of the vibration Assembly device (A); 
7. the oscillation frequency of the output level of the vibration Assembly ɭɫɬɪɨɣɫɬɜɚ (k); 
8. the radius of the shaft (r); 
9. the velocity of movement of Assembly parts (V). 
Iterate through all parameters showed that with this method of Assembly in any of possible cases of values of 
velocities of the center of mass of the attaching parts (shaft) according to equation (4) simultaneously not equal to 
zero, which means that the jamming in this case cannot be, because cannot be implemented, see Fig. 9. 
 
Fig. 9. The simulation results of the velocities of the center of mass of a two-point contact 
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The function graph 1 shows the variation of velocity cV K of the center of mass of the connecting part (shaft) in 
the direction of the axis K , and the graph of the function 2 shows change the velocity cV ] of the center of mass of 
the shaft axis ]  direction. 
Were also obtained values of reactions at the contact points for each build mode. After their conversion, they 
were reduced to the resultant force. Which was verified with the resultant force of the sensor 5 of the control of 
forces and bending moments, see Fig. 6. The average misalignment of the empirical and theoretical research at this 
stage was 25%. That allows us to apply this method to the analysis of the reaction and the formation of optimal 
Assembly. 
6. Conclusion 
This research showed the effectiveness of application of the method of Assembly of cylindrical parts of type 
“shaft-bushing” with the gap to 0.005 mm. 
Also obtained were the reactions at the contact point. This allows you to select the optimal mode of Assembly 
depending on the desired reaction in the contact zone. 
 The originality of this method is that in order to prevent jamming when assembling the emphasis is not on 
physical strength, and the job of the act Assembly, allowing you to avoid situations in which there is a risk of 
jamming. 
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